Activation of microglia is a histological feature observed in neurodegenerative diseases like ALS. The oral administration of minocycline has been demonstrated to have minimal neuroprotection ability in the animal models and is also associated with inadvertent toxicity due to non-specific oral absorption of the drug. Nonetheless, the drug itself shows promise in a number of disease models suggesting it could be effective if delivered optimally. Thus, we utilized LPS modified liposomes to target TLR4 receptor on the microglia in SOD1 G93A mice and compared its efficacy with nontargeted nanoliposomes. The in vitro results indicate that targeting the TLR4 receptor on microglia significantly increases (p < 0.01) the uptake of drug by 29% compared to non-targeted liposomes. In the SOD1 G93A mouse model of ALS, targeted and non-targeted minocycline treatment significantly increased (p < 0.05) latency to endpoint stages compared to control mice. Targeting liposomes to microglia significantly delayed disease progression. Both targeted and non-targeted liposomes administration in SOD1 mice resulted in decreased TNF-α secretion in activated BV-2 microglial cells as compared to activated cells receiving no treatment. The non-targeted liposomes had a greater effect than the targeted liposomes in reducing the levels of TNF-α released by the BV-2 cells. In SOD1 G93A mice, the nontargeted nanovesicles significantly increased the latency to rotarod failure and both targeted and non-targeted nanovesicles significantly delayed disease endpoints.
Introduction
Transgenic mice expressing mutant superoxide dismutase-1 (SOD1) are a model for studying amyotrophic lateral sclerosis (ALS). These animals experience progressive motor neuron degeneration, leading to leg weakness spreading to the upper limbs and bulbar muscles and eventually causing total paralysis and death [1, 2] . On the cellular level, neuronal cell death is accompanied by inflammation and microgliosis, the combination of which has been shown to have a neurotoxic role in the pathogenesis of the disease [3, 4] . Furthermore, activated microglia excretes several potentially neurotoxic molecules, including reactive oxygen species, proteases, and pro-inflammatory cytokines that amplify inflammation and harm other cells [2] . Recent studies have shown that diminishing expression of mutant SOD1 in microglia has little effect on the early disease phase but can sharply slow later disease progression. This suggests that onset and progression are represented by distinct disease phases that may represent SOD1 action within different CNS cell types [5, 6] . This leads to a potential window for therapeutic intervention to target microglia activation, perhaps a different time points, to slow the kinetics of disease progression. Based on this concept, we developed a nanovesicle platform as a potential mechanism to enhance drug delivery to microglia in ALS patients. The drug we chose for delivery in this study, to establish proof of concept, was minocycline because it has recently been shown to have some positive effect in the SOD1 mouse model [7, 8] The delivery of anti-inflammatory compounds, such as minocycline, has been studied extensively in animal models of ALS as well as other neurodegenerative diseases where activation of microglia is part of the disease process. Although minocycline has been commercially available for nearly three decades, interest in its neuroprotective effects emanated from the finding that the drug significantly reduced infarct volume and neuronal cell loss after induced hypoxic injury in gerbils and rats [9, 10] . Subsequent research with minocycline in various models of acute and chronic neurodegeneration corroborated its neuroprotective effect, and extended them to include traumatic brain and spinal cord injury [11, 12] , multiple sclerosis [13] , Parkinson's disease [14] [15] [16] , Huntington's disease [17, 18] , and ALS [7, [19] [20] [21] [22] [23] . Despite promising results in the animal models of ALS, there has been a weak corollary of efficacy for minocycline in human clinical trials. Indeed, a recently published phase III trial of minocycline in patients with ALS reported a harmful effect [24] . Possible explanations for this effect are the inadvertent toxicity to motor neurons due to nonselective oral drug administration or the inability to deliver sufficient amounts of drug to where it is needed, both problems that may be circumvented via a targeted drug delivery system. As such, the hypothesis of this study is that nanovesicles carrying minocycline when infused intracerebroventricularly will delay disease onset and increase life span in mice carrying the SOD1 G93A mutation by increasing site-specific drug action. The secondary hypothesis is that actively targeting microglia with minocycline encapsulated in nanovesicles will slow later disease progression as a function of attenuating neuroinflammation associated with microglia activation.
Experimental Methods

Materials
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), Cholesterol, 2-distearoyl-sn-glycero-3-phosphoethanolamine N-[carboxy (polyethylene-glycol)2000(ammonium salt) (DSPE-PEG2000) and rhodamine-labeled phospholipids [L-a-phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) were purchased from Avanti Polar Lipids (Alabaster, AL). Lipopolysaccharide was from the source E. Coli 0128:B12 Sigma (St. Louis, Missouri). Minocyline was from Sigma Chemicals (St. Louis, Missouri). Mouse microglia-derived BV-2 cell line was a gift sample from Dr. Steven Levison (New Jersey Medical School). All cell culture materials were purchased from Invitrogen (Carlsbad, CA). The IFN-γ was purchased from Sigma, St. Louis, MO. Standard mouse ELISA kit was from R & D Systems (Minneapolis, MN). BioRad DC Protein Assay kit was purchased from Bio-Rad Laboratories (Hercules, CA). Transgenic mice with mutation B6SJL-Tg(SOD1-G93A)1Gur/J were purchased from Jackson Laboratory (Bar Harbor, ME). Osmotic pumps used for this study was from Alzet Inc. (Cupertino, CA).
Preparation and Characterization of Liposomes
Sterically stable liposomes were formulated using the lipids DPPC, DSPE-PEG-2000 and cholesterol in a molar ratio 10:2.5:1.5 respectively. To study cellular uptake, the liposomes were labeled with rhodamine by adding 1% (molar ratio) of rhodamine-labeled phospholipids [L-α-phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt) to the liposomes formulation. The lipid constituents were dissolved in methanol/tbutanol [7, 20, 25] . Unilammelar nanovesicles were obtained by extruding the liposomes though a two-stacked polycarbonate membrane with pore size of 0.1 µm for 10 times, followed by a 0.05 µm polycarbonate membrane for 10 times using a nitrogen pressure-operated extruder (Lipex extruder, Northern Lipids, Inc., Vancouver, British Columbia, Canada). All extrusions were performed at an operating pressure of 300 p.s.i. The unencapsulated minocycline from the liposomes were removed by dialyzing them against phosphate buffered saline. Liposome size and polydispersity index (PDI) were determined by dynamic light scattering, using a Malvern Zetasizer Nano apparatus (Malvern Instruments, Worcestershire, England). Zeta potential of the liposomes was measured via phase analysis light scattering utilizing a Zeta PALS instrument (Brookhaven Instruments, Holtsville, NY) in a 100 mM NaCl solution. The final minocycline concentration in targeted and non-targeted nanovesicles was analyzed by solubilizing an aliquot of nanovesicle in methanol and sonicating them at room temperature for 5 min. This solution of solubilized nanovesicles and minocycline was then injected into a HPLC for quantification of the minocycline (Beckman Coulter, Fullerton, CA) fitted with C 18 column. The targeted and non-targeted nano-vesicles were diluted in PBS to maintain an equal concentration of the liposomes. The LPS content of the LPS modified minocycline liposomes and unmodified liposomes were analyzed using Toxin sensor chromo-genic LAL en-for 24 hours at a starting density of 10,000 cells each. The rhodamine-labeled liposomes were added to the cells at 200 μmol/ml and incubated at 37˚C for 120 minutes. Media was removed from the chambers and the slide fixed with 4% paraformaldehyde. The cells were stained with 4,6-diamidino-2-phenylindole (DAPI) for visualizetion of the nuclei, and then washed three times with PBS to end exposure to adherent liposomes. Slides were then viewed under a fluorescent microscope and images were captured using a digital camera.
dotoxin Assay kit (Genscript, Inc.). The schematic picture of the steps involved in the liposome preparation can be found in Figure 1 . Lipopolysaccharide (LPS) was chosen as the targeting moiety for conjugation to the liposomes because of its high affinity for surface markers on microglia [26, 27] . The signal-transducing receptor for LPS is Toll-Like Receptor 4 (TLR4), which normally is not expressed on cortical neurons, astrocytes, or oligodendrocytes [28] [29] [30] . Binding of this complex initiates an intracellular signaling pathway of the innate immune system, which includes both the neuroprotective and neurotoxic effects of microglia as described above.
Flow Cytometry Assay
Flow cytometry was used to measure total intracellular liposome fluorescence, which is an indirect measure of intracellular drug content. Fresh batches of targeted and non-targeted liposomes were synthesized by including rhodamine phospholipid at 1 molar percent in the liposome preparation method described above. BV-2 cells (1 × 10 6 ) were exposed to 200 μmol/ml media of either targeted or non-targeted liposomes or the equivalent volume of PBS and incubated at 37˚C for 120 minutes. The cells were then centrifuged (5 minutes, 1000 rpm) and washed with PBS twice to remove any non-inter-nalized and unbound liposomes. Following the last cen-trifugation, cells were re-suspended in 1 ml PBS for flow cytometry assay. The intracellular accumulation of rhodamine-labeled liposomes was evaluated using a fluorescence activated cell sorting analyzer (FACSII; Becton Dickinson, Sparks, MD). A single 15-mW argon ion laser beam (570 nm) was used to excite the fluorescence of rhodamine with a total of 10,000 cells analyzed for each inten-
In Vitro Experiments
Cell Culture
The murine BV-2 cell line was originally generated by Blasi et al [31] and exhibits phenotypic and functional properties of reactive microglial cells. Cells were maintained in Dulbecco's Modified Eagle Medium supplemented with 10% heat inactivated Fetal Bovine Serum and 1% Penicillin-Streptomycin at 37˚C in a 5% CO 2 atmosphere.
Cell Uptake Study
An uptake study with BV-2 cells was performed to inves tigate the ability of the cells to internalize the liposomes. For this experiment, targeted liposomes labeled with rhodamine lipid as mentioned in the methods section was utilized. BV-2 cells were cultivated on a chamber slide sity histogram. The flow cytometry experiment was repeated three times for each treatment condition.
Cytokine Enzyme-Linked Immunosorbent
Assays (ELISA) BV-2 cells were grown to confluency in 24-well cell culture plates (BD Biosciences, San Jose, CA) with 0.5 ml media. The cells were activated with 10 ng/ml IFN-γ and simultaneously treated with 40 μM minocycline (Sigma, St. Louis, MO) contained in targeted liposomes or non-targeted liposomes, or as free drug. Cells activated with IFN-γ and receiving no treatment served as positive controls for activation, while BV-2 cells re-ceiving media alone served as true controls. The con-centration of minocycline was chosen based on previous in vitro studies [32, 33] , as well as our own studies in-volving graded minocycline concentrations (data not shown). After 24-hour incubation at 37˚C, the super-natant was collected for each condition and TNF-α was measured using a standard mouse ELISA kit accord-ing to the manufacturer's protocol. Plates were then washed with Hank's Balanced Salt Solution and the cells lysed with RIPA buffer for protein quantification with a Bio-Rad DC Protein Assay kit.
In Vivo Experiments
Animals
Transgenic mice with mutation B6SJL-Tg(SOD1-G93A) 1Gur/J overexpress mutant human SOD1
G93A and develop ALS symptoms (age-related spinal neuron degeneration, muscle atrophy, and shortened lifespan) at approximately 90 days of age. Treatment with minocycline containing liposomes began at 70 days, wherein the animals were fitted with an intracerebroventricular cathe-ter and osmotic pump to continuously deliver minocy-cline to the lateral ventricle. The experiments were conducted in accordance with Institutional Animal Care and Use Committee (IACUC) guidelines of Pennsylvania State University. All the studies were performed using the first generation mSOD1 transgenic mice. A total of 7 mice per group were used in the control and targeted nanoliposome groups and 6 mice were used in the non-targeted liposome group.
Implant of Osmotic Pump
An osmotic pump was used to continuously deliver liposomes at a rate of 0.25 μl per hour for 28 days. The final concentration of minocycline for delivery was 2 mg/200 µl. Mice were implanted with the pump under general anesthesia (70 mg/kg ketamine and 14 mg/kg xylazine, injected intramuscularly), wherein the animal's scalp was shaved and cleaned and a burr hole (approximately the size of a 25-gauge needle) made at +1.0 mm lateral and -0.46 mm caudal to Bregma and a cannula (depth of 2.0 mm) was fixed to the animal's skull with cyanoacrylate adhesive. Cannula placement was confirmed following disease endpoint on brains perfused and fixed in 4% paraformadehyde. The osmotic pump was placed in a subcutaneous pocket on the animal's back, with a subcutaneous catheter connecting the pump to the cannula. After placement of the pump, catheter, and cannula, the scalp incision was closed with interrupted sutures. This surgery was performed on the animals at the age of 10 weeks (70 days old mice). After four weeks, the pump was replaced with a new pump containing fresh liposomes. After this, the pumps were left in place to minimize stress to the animals. Cannula placement was confirmed histologically in all of the animals at the end of the experiment.
Motor Performance and Endpoint
Motor performance was evaluated three times a week using a rotarod apparatus rotating at 15 rpm. Mice were habituated to the rotarod over the course of a five day learning period beginning at 8 weeks of age. A mouse was considered to fail the test when it could not stay on the rotating rod for >1 s.e.m. of the number of times it fell during the pre-symptomatic phase [20] . The endpoint of the study was defined as the age at which a mouse could right itself in 30 seconds when placed on its side or the inability to maintain basic grooming and feeding behavior [25, 34] .
Data Analysis and Statistics
Statistical significance was determined by one-way ANO-VA with Tukey's post hoc test. For Kaplan-Meier survival plots, statistical significance was determined using a logrank test (GraphPad Prism 4.03). Significance for all analyses was defined as p < 0.05.
Results
Particle Size, Charge and Composition
The average liposome size was found to be 129 nm (PDI = 0.101) and 118 nm (PDI = 0.110) for targeted and nontargeted liposomes, respectively (Figure 2) . The low PDI clearly indicates a narrow size distribution. Mean zeta potentials were -29 mV for both targeted and nontargeted liposomes. LPS minocycline liposomes had a LPS concentration of 403 ng/mL which is 5.8 fold higher than the basal LPS level in the liposomes of similar size and composition without LPS (69 ng/mL).
In Vitro Cellular Uptake of Liposomes
Internalization of the rhodamine labeled targeted liposomes (LPS modified liposomes) in the BV-2 cells could be demonstrated with fluorescent microscopy (Figure 3) . To compare the amount of uptake between targeted and untargeted liposomes, a flow cytometry analysis was performed revealing more intracellular cell fluorescence in targeted liposome-treated cells as compared to cells treated with non-targeted liposomes (Figure 4(a) ). Normalization of the signals to endogenous fluorescence revealed there was a difference of 29% more fluorescence (p < 0.01) when the cells were exposed to targeted liposomes compared to non-targeted liposomes (Figure 4 (b) ).
To determine whether the uptake of minocycline via the liposomes was functional, we measured concentrations of TNF-α secreted from activated and non-activated BV-2 cells. To establish an activation baseline for secretion, cells were exposed to IFN-γ for 48 hours and a significant increase (p < 0.001) over baseline of TNF-α secretion was observed (Figure 5(a) ).
When activation with INF-γ was coupled with exposure to either free minocycline or targeted or nontargeted liposomes containing minocycline, the TNF-α response was attenuated. The ability of minocycline to inhibit TNF-α secretion was 22.3% for targeted liposomes, 39.1% for non-targeted liposomes, and 34.9% for free minocycline. There was no statistically significant difference between targeted liposome and free minocycline conditions on TNF-α release; however, the difference in the amount of TNF-α released when the cells were exposed to targeted versus non-targeted liposomes was significant ( Figure 5(b) ). Again, the concentration of 
In Vivo Therapeutic Efficacy
SOD1
G93A mice treated with non-targeted minocycline liposomes had significantly (p < 0.01) extended time to rotarod failure and disease endpoints as compared to mice receiving no treatment. There was a significantly prolonged latency to disease endpoint, but not to rotarod failure, in the targeted liposome-treated group when compared to untreated mice. As seen in Table 1 , the mean age for rotarod failure in the untreated control mice was 103.0 days, whereas the mean age for the targeted minocycline liposome group was 111.1 days and the non-targeted group was 116.0 days (p < 0.01).
Survival was significantly increased (p < 0.05) to 133.0 and 135.0 days with both targeted and non-targeted therapies, respectively, compared to 124.3 days in the control group. These delays represent an increase of 8% (targeted group) and 13% (non-targeted group) for age at rotarod failure, and 7% and 9% latency to disease endpoint, respectively. Likewise, the Kaplan-Meier plot of the cumulative probability of rotarod failure displays a clear and statistically significant difference (logrank test, p < 0.05) between control and non-targeted liposome groups (Figure 6(a) ). The survival plot of disease endpoints for both targeted and non-targeted treatment groups shows a significant difference (logrank test, p < 0.05) as compared to controls (Figure 6(b) ).
Discussion
The present study was designed to establish the proof of concept that delivery of nanovesicles containing a therapeutic agent via intracerebroventricular infusion could delay symptom onset and prolong survival in the ALS animal model.
The purpose of this study was two-fold: 1) to determine if the intracerebroventricular approach had therapeutic efficacy and 2) to test the hypothesis that an LPS-targeting moiety would be more effective than non-targeted liposomes. To our knowledge the use of a targeted liposome with specificity for microglia, as presented in this paper, has not been previously shown. Previous studies have shown that TLR4 is not expressed on neurons, astrocytes, or oligodendrocytes [29, 30] , thus TLR4 meets the criteria for selective targeting to microglia. Our data showed a relative increase in uptake and accumulation of targeted nanovesicles compared to nontargeted into BV-2 cells in vitro providing evidence to support the concept put forth in this study. Moreover, encapsulating the drug in a liposome did not limit its efficacy. Both targeted and non-targeted liposomes resulted in decreased TNF-α secretion in activated BV-2 microglial cells as compared to activated cells receiving no treatment. The non-targeted liposomes had a greater effect than the targeted liposomes in reducing the levels of TNF-α released by the BV-2 cells. Although the most parsimonious explanation is that there does not appear to be any correlation between the rate of uptake and the effect on cytokine secretion, an alternative explanation is that targeting the TLR4/LPS complex may have attenuated the efficacy of the minocycline by activating the TLR4 signaling pathway. Increased activation of the microglia may provide an explanation for the increased uptake of targeted liposomes. TNF-α elevation in the microglial cells will subsequently lead to NFκB nuclear translocation which leads to microglial activation by functioning as transcription factor (Figure 7) . Minocycline has been previously reported to inhibit the nuclear translocation of NFκB [35, 36] in microglia which is one of the rationale for choosing this drug for our study.
The potential therapeutic efficacy of the targeted and non-targeted minocycline liposomes was tested in c targeted and non-targeted nanovesicles significantly delayed disease endpoints. While there was an increase in the mean age to time of rotarod failure for the targeted liposome-treated versus the control groups, the difference (8%) was not statistically significant. The difference in the outcomes for the targeted and non-targeted liposomes represent an exciting area to explore because it is not clear from our present study about the cell types which accumulate the minocycline from the non-targeted liposomes.
The non cells in culture so it is likely that some of the non-targeted liposomes were taken up by microglia in vivo. Indeed, given the phagocytotic nature of these cells it can be expected. Thus, at least some part of the positive therapeutic effect in vivo of non-targeted liposomes is likely attributable to microglial uptake, but it is also possible that astrocytes accumulated some of the liposomes. The onset and progression of ALS symptoms are represented by distinct disease phases that can be charac-terized by mutant SOD1 action within different cell types [5, 6] and raise the possibility that targeted and non-targeted liposomes may be used in combination or in sequence to combat different stages of the disease.
Comparative analysis of the present study to p udies involving oral or injected minocycline in SOD1 G93A mice reveals a similar effect in the latency to disease endpoints ( Table 2) . For example when free minocycline was delivered to the SOD1G93A mice at a dose of 15 mg/kg body weight once a day for every weekday, there was an increase in the life-span of about 16% when compared to untreated mice [20] . However, important to this analysis is the improved efficacy of the SOD1 mice. The non-targeted nanovesicles signifi- dosage of 15 mg/k [2 requires less dosage to achieve the same relative effect because of the local drug action, potentially resulting in a lower frequency of adverse treatment-related events. Rotarod failure and disease onset are not listed in the table due to differing definitions in the various studies. Our data showing lower concentrations with similar effects at lower concentrations than those administered via intraperi-toneal injecttion as well as the potential for direct uptake by microglia, suggest that perhaps the use of minocycline as a treatment in human ALS should be revisited. The clinical failure of minocycline in human ALS [24] may have involved the inadvertent toxicity to motor neurons due to nonselective oral drug administration or the inability to deliver sufficient amounts of drug to the desired site of action. Current treatment for ALS includes only one FDA approved drug (riluzole) that has exhibited modest and variable efficacy [37] [38] [39] [40] . In addition to novel pharmaceutical agents, novel delivery platforms of agents that show efficacy should be evaluated and the findings debated in the literature.
Conclusion
In this study we h posomes by conju ded them with minocycline a tropic agent and characterized them for their suitability for treating Amyotropic Lateral Sclerosis (ALS).Our in vitro studies in the BV-2 microglial cells demonstrated the specific targeting ability of the LPS modified liposomes through the receptors exlayed in both targeted and non-targeted liposomes formulations carrying minocycline. Our study also demonstrates that intracerebroventricular administration of minocycline through the liposomes in the osmotic pump has comparable effect in the latency to the disease endpoints when compared to the oral and injected minocycline as reported by others, with a potential to minimize the toxicity associated with frequent administration.
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